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1 Ball size information can be used in place of
estimation of approach speed but this would require
information about the diameter of the ball (López-Moli
size of an approaching object is only known in special
playing sport. It is not available when someone throw
some toffees.Objects approaching at the same speed, on the same trajectory, but at different distances from an obser-
ver, have different angular speeds at the eye. To recognize that the objects’ approach speed is the same
despite the differences in retinal motion, the observer must ‘‘factor out” the distance of each object. We
examine whether observers can do so in three relative speed judgement experiments. In the ﬁrst exper-
iment we use a traditional psychophysical impoverished point-light display. In the second we use an un-
typically rich cue-laden display. In the former case, observers are unable to accurately estimate speed, in
the latter their performance is much improved. These two experiments, taken together, establish the
range of possible performance. We then test performance in a display designed to provide the cues avail-
able in a typical natural ball-catching task. We ﬁnd that observers are unable to make accurate judge-
ments in this case. These results raise the question of how observers catch balls without accurate
estimates of approach speed; we conclude with a discussion of potential solutions.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Can you judge the speed of a ball ﬂying towards you? Consider
the simple case of an object approaching an observer at a constant
velocity. The object’s movement will be signalled by the changing
position of its images at the left and right eyes (in the optic arrays).
The rate of change of position will be a function of the speed at
which the object is moving. However, the image speed will also
be a function of the current distance of the object. As the object
gets closer, so the image speed will increase. Consequently, physi-
cal speed cannot be derived directly from image speed (or cues
based on it, such as rate of disparity change, interocular velocity
difference and looming rate). If the observer is to make a compar-
ison of the relative speed of an object (or objects) at two different
distances, she will need to know the distance of the object(s) so
that it can be ‘‘factored out”.1
Distance can only be accurately factored out if it can ﬁrst be
accurately estimated. Tasks requiring estimation of the distance
to static objects show that observers are more accurate when thell rights reserved.
logy, Tower Building, Cardiff
208 74858.
ton).
distance information in the
the observer to have a priori
ner, Field, & Wann, 2007). The
circumstances, such as when
s you e.g. a bunch of keys orcues to distance are more plentiful (Howard & Rogers, 2002, p.
463). The distance of a familiar object resting on the ground at a
close distance in a cluttered and lit environment is over-speciﬁed
(Cutting & Vishton, 1995). However, the distance of an object in
ﬂight is normally under-speciﬁed: if the physical diameter of the
object is not known, distance cannot be estimated from retinal
size; if the object is high in the sky, there may be no convenient
background objects to provide relative disparity; when the object
is far, convergence angle is not a reliable source of distance infor-
mation. Therefore an observer attempting to accurately judge the
speed of a ball in ﬂight is likely to have a problem; he or she will
probably lack the accurate estimate of object distance necessary
to compute approach speed.
There has been much elegant research on the perception of mo-
tion in depth. Most of this work has examined the precision and
accuracy of judgements of approach direction (e.g., Harris & Dean,
2003; Harris & Drga, 2005; Lages, 2006; Peper, Bootsma, Mestre,
& Bakker, 1994; Portfors-Yeomans & Regan, 1996, 1997; Regan &
Kaushal, 1994; Welchman, Tuck, & Harris, 2004). Of the remainder,
that which has examined the speed of motion in depth has been
principally concerned with the precision of judgements of approach
speed or the contribution of cues (e.g., Harris & Watamaniuk, 1995,
1996; Portfors-Yeomans & Regan, 1996, 1997 Tyler, 1971; Brooks &
Mather, 2000; Brooks, 2001, 2002b; Brooks & Stone 2004, 2006a,
2006b). A few notable exceptions have examined the accuracy of
approach speed judgements. Brooks and Stone (2006b) examined
the accuracy of approach speed judgements. They reported that
objects moving on an oblique trajectory in depth were perceived
1920 S.K. Rushton, P.A. Duke / Vision Research 49 (2009) 1919–1928as moving faster than objects moving in depth along the midline.
Thus, errors in speed perception seem consistent with ﬁndings of
both underestimation of the 3D extent of motion (e.g. Lages,
2006) and overestimation of trajectory angle (e.g. Harris & Dean,
2003; Lages, 2006) for objects moving obliquely in depth. Brenner,
van den Berg, and van Damme (1996) examined cues that contrib-
ute to the perception of motion in depth. Some of their data bears
on the subject of this paper – whether distance is ‘‘factored out”
when judging approach speed. Their paper is discussed in an ex-
tended section in the discussion.
A related problem is judgement of the relative speed of two ob-
jects moving laterally within fronto-parallel planes at two different
distances. Research in this area using conventional psychophysical
displays consisting of target dots or points moving through a very
sparse or non-existent visual scene showed that observers are un-
able tomakeaccurate judgements of relative speed (McKee&Welch,
1989). However, other studies using richer displays found good
speed constancy (Epstein, 1978; Rock, Hill, & Fineman, 1968). Gen-
erally, it appears that speed constancy becomes more accurate as
distance cues are added or improved (see Howard & Rogers, 2002,
p. 465 for a review). This pattern of results would be expected if
observers use distance information in their estimation of speed.
A similar pattern of results is found when observers attempt to
judge an object’s depth (the distance between two parts of the ob-
ject in the distance dimension). In the sparse environments typical
of psychophysical research, observers are inaccurate (e.g. Gogel &
Tietz, 1973; Owens & Leibowitz, 1976; Tittle, Todd, Perotti, & Nor-
man, 1995), in richer environments their performance improves
(e.g. Durgin, Profﬁtt, Olson, & Reinke, 1995; Frisby, Buckley, &
Duke, 1996).
In the light of these ﬁndings, we set out ﬁrst to establish
whether the accuracy of judgements of approach speed followed
a similar pattern: poor in sparse displays, better in rich displays.
Next we attempted to determine how accurately observers judge
speed when the available visual information is neither as poor as
found in a typical psychophysical display nor deliberately en-
riched, but instead more typical of that which is available when
an observer is preparing to catch a ball in ﬂight. As noted above,
when an unfamiliar object is in ﬂight, information about it’s instan-
taneous distance is typically poor. As distance information is
needed in the estimation of approach speed, we expected that
speed judgements would be inaccurate. Since we were working
from the hypothesis that judgements of approach speed would
be poor, we erred on the side of providing richer information than
would typically be available and we chose distances and speeds to
favour the accurate perception of approach speed.
To anticipate the ﬁndings, we conclude that observers are un-
able to accurately perceive approach speed in traditional point dis-
plays (Experiment 1), however, they do have the ability to make
fairly accurate judgements when cues to distance are plentiful
(Experiment 2). In conditions typical of a natural ball-catching task
observers make in accurate judgements of approach speed (Exper-
iment 3). In the discussion section we compare this problem, and
our results, to the related problems of perception of depth, lateral
speed, and trajectory direction. We also consider what other infor-
mation observers might use to successfully catch a ball.2 The combination of a staircase and Probit is a very common approach, e.g.
Snowden (1992) and Snowden (1998).2. General methods
2.1. Procedure and task
Observers were shown two sequentially presented objects that
approached along the median plane at different (but constant)
speeds. The observer’s task was to judge which of the two intervals
contained the object with the highest approach speed.The stimuli were viewed binocularly with the head ﬁxed. The
objects were either points of laser light (Experiments 1 and 2; low-
er part of Fig. 1) or stereoscopically computer rendered balls
(Experiment 3; upper part of Fig. 1). The objects were presented
at the same or different starting distances (1.6 and 2.4 m: ‘near’
and ‘far’).
We used a two-interval forced-choice task. In each trial, one
interval contained a ‘reference’ trajectory that had a speed of either
0.6, 0.75 or 0.9 m/s, and the other contained a ‘test’ trajectorywhich
varied in speed between trials. Observers indicated which interval
contained the object moving at the faster speed. An up–down stair-
case algorithm was used to converge on the point at which the ref-
erence and test trajectories were perceived to be of the same
speed and then sample around that point. The speed of the test tra-
jectorywas initially up to20 cm/s faster or slower than the reference
trajectory. The reference speeds and combinations of start distances
were randomly interleaved within a block of trials. The staircase
algorithm worked by moving randomly 1, 2 or 4 steps (2.5, 5 or
10 cm/s) in the opposite direction to the last response, e.g. if the ob-
server indicated that the test trajectory was faster than reference
trajectory then the speed of the test trajectory would be decreased
by either 2.5, 5 or 10 cm/s on the next trial of that speed/distance
combination. Thus, the algorithm converges on the point of subjec-
tive equality (PSE) but samples broadly around the PSE at discrete
intervals to produce appropriate data for a Probit ﬁt. This method2
is essentially the method of constant stimuli where the levels of the
dependent variable are concentrated in the most informative part of
the range for each individual. Unlike a classical method of constant
stimuli, the number of samples at each level of the dependent variable
is not equal, but this was taken into consideration in the Probit ﬁt.
The duration of each interval was on average 0.8 s, with a ran-
dom variation of ±20%. Randomisation was used to ensure that if
the observer tried to use duration, maximum disparity or distance
travelled as an incidental cue to perform the task, the result would
be very unreliable performance. In all three experiments, each ob-
server did 480 trials (160 trials per speed).
We wished observers to view the stimuli in a natural manner so
we tried to avoid inﬂuencing the type of eye movements that
observers made in response to our stimuli. In principle, different
results may be obtained depending on whether an observer tracks
the object or ﬁxates a static point. In practice the difference is not
likely to be important, as recent studies have shown. Welchman
et al. (2004) examined whether tracking versus ﬁxating a static
point affected trajectory angle judgments for approaching spheres
and found no signiﬁcant difference between these conditions. Nefs
and Harris (2007) examined whether tracking vs. ﬁxating affects
judgements of approach speed and found a small difference. Their
target stimuli appeared about 4% slower when tracking, and fur-
ther, they found no evidence for an inﬂuence of eye movement
gain or phase lag on speed judgements.
2.2. Choice of distances and speeds
We chose trajectory starting distances of 1.6 and 2.4 m. These
are equidistant from the estimated 2 m ‘default’ distance that
observers’ distance estimates tend towards in the absence of good
distance cues (e.g. Gogel & Tietz, 1973). This choice of distances
near the ‘default’ was designed to improve observers’ chances of
achieving accurate perception by minimising possible errors in dis-
tance perception. (One side-effect of choosing two such similar dis-
tances is that the apparent magnitude of errors in speed matching
reported here is reduced. For example if instead of 1.6 and 2.4 m,
Fig. 1. Schematic representation of the experimental setups for Experiments 1, 2 and 3 (labels E1, E2, E3). In Experiment 1 (lower part of ﬁgure, plan view) the laser spot was
just below eye height (2 cm), in Experiment 2 (also lower part of ﬁgure) the laser spot travelled at 8.5 cm below eye height. In Experiment 3 (upper part of the ﬁgure, plan
view) the balls travelled at eye height. In Experiment 3, six reference fronto-parallel rectangles (4  6 cm) displayed around the ball served as references for relative disparity;
in Experiments 1 and 2, LEDs (indicated by ) were placed as indicated. The close LED was around 80 cm from the observer. Trajectories started from either 1.6 m or 2.4 m in
all experiments.
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would have observed considerably larger errors in matching of ob-
ject speeds between near and far.)
As already explained, decisions about speeds and distances
were informed by our motivating hypothesis: that observers would
not be able to accurately match approach speeds. We set out to
create the most favourable set of circumstances for speed match-
ing to increase the likelihood of collecting data that went against
our hypothesis. Had the data been incompatible with our motivat-
ing hypothesis we would have proceeded to assess performance in
other parts of the parameter space less conducive to accurate
speed matching. However, as the results were in-line with our
hypothesis, this was not necessary.
2.3. Performance measures
Observers’ responses in the different-distance conditions were
used to estimate ‘matched’ speeds. That is, the speed of the test
that is perceptually the same as the reference speed. The matched
speeds were calculated from the response data by Probit analysis
for each distance and reference speed, for each observer. For half
of the data, the near trajectory was the reference and the far trajec-
tory was the ‘matched’ trajectory. The reverse was true for the
other half of the data. The two halves of the data were similar, so
for ease of exposition, we present data collapsed over this dimen-
sion. The results are presented in a way which allows us to see how
the speed of near trajectories is perceived relative to far trajecto-
ries (without regard to whether a given trajectory was a reference
or ‘matched’ trajectory). We calculated errors (biases) as the differ-
ence between the near trajectory speed and the far trajectory
speed, expressed as a percentage of the far trajectory speed.
Observers’ responses in the same-distance conditions were used
to calculate Weber fractions (precision) for each distance and ref-
erence speed, for each observer.
The ﬁgures that follow show group means because we ﬁnd that
all observers showed the same general pattern of results. Individ-
ual results are indicated in each results section so that individual
performance can be compared and tracked across experiments.
2.4. Cues, judgements and interpretation
When the objects start from the same distance in both inter-
vals, observers should be able to judge relative speed accuratelyregardless of whether the visual system has access to, and
makes use of, an accurate estimate of instantaneous distance.
A correct judgement could be produced by basing the judge-
ment on either approach speed or a simpler source of informa-
tion such as rate of change of relative disparity (see the recent
work of Brooks (2002a) for a review of the available cues to
motion in depth).
When the objects start from different distances in the two inter-
vals, observers would not be able to rely on these simple unscaled
cues to make a correct judgement. If observers accurately perceive
approach speed, there will be no systematic biases in performance.
In contrast, if observers cannot perceive speed of approach, but in-
stead base their judgements on retinal speed, rate of change of dis-
parity, or another unscaled cue, this would lead to a systematic
bias in judgement of relative speed. On average, far objects would
be judged as travelling slower than near objects.
We make special mention of a strategy based on matching per-
ceived time to contact: Regan and colleagues (e.g. Regan et al.,
1998) suggested that perceived approach speed may be based
upon estimates of time-to-contact (TTC), that is, the number of sec-
onds remaining before the object collides with the observation
point (Lee, 1976). The use of two different distances in our exper-
iments allows us to assess whether observers base their speed esti-
mates on TTC. In our experiments TTC is the same for far and near
trajectories when the near object is travelling at two-thirds the
speed of the far one, since its distance is two-thirds of that of the
far one. Therefore we expect the speed ratio to be two-thirds if
the observer is basing their estimate on TTC obtained from D= _D,
h= _h (Lee, 1976), its binocular equivalent, /= _/, 1=ðD: _/Þ (Regan,
1995) or ð/þ hÞ=ð _/þ _hÞ (Rushton & Wann, 1999) where D is ego-
centric distance, / is binocular disparity, h is retinal size and _/
and _h their respective temporal derivatives.
2.5. Observers
Five experienced psychophysical observers participated in
each experiment. Three observers (VN, AC, PJ) participated in all
of the experiments, two participated only in Experiments 1 and
2 (LY, PD) and two participated only in Experiment 3 (JA, YM).
All had normal or corrected-to-normal vision and had demon-
strated good stereo vision during previous experimental work.
Each observer did his or her experimental sessions in a quasi-ran-
dom order.
Table 1
Weber fractions for approach speed discrimination calculated from the same-distance
conditions of Experiment 1.
Speed (m/s) Mean Range
0.6 0.36 0.12–0.56
0.75 0.22 0.12–0.39
0.9 0.30 0.09–0.49
Distance (m) Mean Range
1.6 0.22 0.12–0.30
2.4 0.36 0.10–0.66
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This experiment was designed to provide the visual information
available in the type of displays used traditionally in motion psy-
chophysics. However, rather than present dots on a CRT or oscillo-
scope display, as is typical we instead used a moving spot of laser
light as a target dot, and placed LEDs around and beyond the path
of the laser spot (see lower panel of Fig. 1) to provide relative dis-
parity cues. The advantage of this arrangement was primarily that
we were able to move the spots further and faster than would be
possible on a CRT or oscilloscope without the observer experienc-
ing diplopia. Although the images of the spot of light would expand
as the spot approached the observer, and the blur would change,
we would not expect these to be strong depth cues given the size
of the spot (see Gray & Regan, 1998).
3.1. Methods
3.1.1. Apparatus
The lower panel in Fig. 1 shows the apparatus setup used in
Experiment 1. The moving objects were single red laser spots mov-
ing in depth over an unseen surface just below eye level. The mov-
ing spot was produced by a laser beam reﬂected off the mirror of a
galvanometer onto a smooth wooden surface. The surface was
approximately 20 cm wide, 250 cm long and parallel to the ﬂoor.
Galvanometer angle, and thus the position of the spot along the
surface, was controlled by a PC computer with a digital-to-ana-
logue converter. The galvanometer setup was rigorously calibrated.
We used a large voltage-position lookup table to avoid any non-
linear mappings between voltage and angle, and to compensate
for any limitations in the frequency response of the device. The ob-
server’s eye height above the projection surface was 2 cm, which
was just high enough to see the laser spot. LEDs were mounted
along the wooden surface and on the far wall (see lower part of
Fig. 1) to provide references for relative disparity. Moving dots
were viewed in darkness, and nothing except the laser spot and
the LEDs was visible.
3.1.2. Procedure
Prior to performing the experiment, observers stood above the
projection surface and watched the laser spot moving along it. This
allowed the Experimenter to clearly demonstrate the task. The
experiment then commenced, following the procedure described
in Section 2.1. At the start of each trial the ball was presented stat-
ically for 0.5 s in order to allow observers time to converge and ob-
tain single vision before the ball began moving.
3.1.3. Results and discussion
The group mean and the range of the Weber fractions for the
same-distance conditions are shown in Table 1. The mean Weber
fraction for each of the ﬁve observers was 0.11 (LY), 0.17 (AC),
0.31 (PD), 0.39 (PJ) and 0.48 (PN). These values are slightly higher
than the estimates of 0.1–0.2 obtained by Harris and Watamaniuk
(1995), who examined speed of motion-in-depth discrimination
using random dot stereograms and single dots moving in depth.
The relative speed differences necessary for balls at the two dis-
tances to be perceived as travelling at the same speed are shown
graphically in Fig. 2a. Speed matching errors indicate that near ob-
jects must travel physically slower than far ones in order for them
to be perceived as travelling at the same speed. Although there was
individual variation in bias, the pattern was consistent across
observers, so we show group mean data. ANOVA revealed no sig-
niﬁcant effect of reference distance (F (1, 4) = 1.327, n.s.) or refer-
ence distance in interaction with speed (F (2, 3) = 3.245, n.s.) so
we averaged the data across distance. The mean (collapsed overspeed and distance) percentage difference for each of the ﬁve
observers was 43.3 (LY), 70.0 (PD), 25.7 (PJ), 63.2 (AC) and
28.6 (VN).
Speed matching errors were signiﬁcantly different to zero for all
reference speeds (group one-sample t-test for the mean data aver-
aged over speed conditions, t (4) = 5.17, p = 0.007). Performance in
this experiment was far from veridical and the matches ap-
proached the responses predicted if observers were completely
insensitive to approach speed and instead performed matching of
retinal speed or rate of change of disparity (see dashed lines on
Fig. 2) or TTC (see dotted line on Fig. 2). Given the large standard
errors, one must be cautious in drawing conclusions about exactly
which cues are being used. However, whichever cue(s) observers
are basing their responses upon, we can conclude that observers
cannot accurately judge approach speed in the present conditions.
The failure to ﬁnd evidence of accurate perception of approach
speed is not surprising when we consider the likely importance of
information about instantaneous distance, and the paucity of such
information when an object is in ﬂight. This leads us to the second
experiment in which we ask: can observers judge approach speed
accurately under any circumstances? We addressed this question
by using a scene containing plentiful distance information which
might be more likely to support accurate judgements of approach
speed.
4. Experiment 2
We aimed to maximise the opportunity for accurate perception
of speed of motion-in-depth by providing a visually rich environ-
ment. The laser spot was now seen to move over a visible surface
below eye level in a cluttered and well-lit laboratory. This intro-
duced a range of cues to distance and movement that were not
present in the previous experiment. We note that most of these
cues are not normally available when an object is in ﬂight (see Sec-
tion 1) but may be available when a ball is rolling over the ground.
4.1. Methods
4.1.1. Apparatus, stimuli, observers and procedure
The observers and procedure were the same as in the previous
experiment. The only difference was in the viewing conditions.
Room lighting was turned on, providing a well-lit view of the
experimental apparatus and much other typical laboratory para-
phernalia. The surface onto which the laser was projected provided
a clear gradient of wood-grain texture over its length. The edges of
the surface provided a strong perspective cue. The eye height was
raised from 2 to 8.5 cm. This increase made the surface easier to
see and potentially increased the information about changing dis-
tance available from the change in vertical gaze direction of the la-
ser spot during its trajectory. The visible ‘ground-plane’ projection
surface therefore provided a range of additional depth cues not
present in the previous experiment.
Fig. 2. (a–c): Graphs a, b, and c show results for Experiments 1, 2 and 3 respectively. Group mean apparently equal speed judgement errors are shown for trajectories with
three different reference speeds (0.6, 0.75 and 0.9 m/s). Errors are expressed as the difference of the near trajectory speed as a percentage of the far trajectory speed. If
observers correctly match speeds then errors should be 0%. Negative values indicate that to appear equal in speed, a near trajectory must be slower than a far one, i.e. near
trajectories are perceived as faster than far ones of the same physical speed. The (blue) dotted line shows the expected errors if observers base their judgements on time-to-
contact. The (red) dashed lines show the expected errors if judgements are based on retinal cues such as subtense, horizontal disparity, or their temporal derivatives. The
lower dashed line shows expected errors if observers use these cues at the start of the trajectories and the upper line shows errors if using these cues at the end. The
magnitude of the retinal cues depends on the distance of the stimulus. When using the start points of the stimuli, predictions are the same regardless of speed or whether the
reference is near or far because the ratio of the start distances is always the same. When using the end points, predictions vary with reference speed and whether the
reference is near or far, because the ratio of the end distances varies with these factors. Here we show the average of the ‘far’ and ‘near’ reference predictions (the effect of
‘near’ vs ‘far’ is small; predicted ‘far’ errors are approx. 2.4% smaller than the average, and predicted ‘near’ errors are approx. 2.4% larger). Details of how all of these
predictions are obtained are given in Appendix A. (For interpretation of colour mentioned in this ﬁgure the reader is referred to the web version of the article.)
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The group mean and the range of the Weber fractions for the
same-distance conditions are shown in Table 2. The mean Weber
fraction for each of the ﬁve observers was 0.10 (LY), 0.16 (AC),
0.21 (PJ), 0.24 (PD) and 0.30 (VN). Weber fractions indicated better
discrimination performance than was found in Experiment 1.
The relative speed differences necessary for trajectories starting
at the near and far distances to be perceived as the same speed are
shown in Fig. 2b. Although there was individual variation in bias,
the pattern was consistent across observers, so we show group
mean data. So as to keep the presentation of these results consis-
tent with the previous experiments we average the near and
far-reference data. However, we note that ANOVA revealed a sig-
niﬁcant difference between the near-reference and far-reference
data (F (1, 4) = 19.008, p = 0.012). Therefore, although the differ-
ences were small and unsystematic, we report the values here:
0.6 m/s (6.9%), 0.75 m/s (1.9%) and 0.9 m/s (4.2%). None of the
differences reached statistical signiﬁcance when analysed with
t-tests. The mean (collapsed over speed and distance) percentage
difference for each of the ﬁve observers was 8.3 (LY), 5.4 (PD),
3.2 (PJ), 1.8 (AC) and 4.5 (VN). Errors were around 5% onTable 2
Weber fractions for approach speed discrimination calculated from the same-distance
conditions of Experiment 2.
Speed (m/s) Mean Range
0.6 0.29 0.10–0.45
0.75 0.14 0.08–0.22
0.9 0.30 0.10–0.25
Distance (m) Mean Range
1.6 0.16 0.19–0.28
2.4 0.21 0.09–0.33average. There was no effect of distance in interaction with speed
(F (2, 3) = 3.245, n.s.).
A much smaller systematic effect of distance was found in this
experiment compared to the previous one, although the direction
of the effect still indicated that on average, near trajectories are
perceived faster than far trajectories of the same speed. Although
the errors were small, statistical analysis revealed that the errors
were signiﬁcantly different to zero (one-sample t-test for the mean
data averaged over speed conditions, t (4) = 4.176, p = 0.014). It is
clear from Fig. 2 that observers’ performance was much closer to
veridical than in the previous experiment. This was in-line with
our expectations. A useful inference we can draw from the results
of this experiment is that previous results were not due to any mis-
understanding of the task, a poor choice of experimental design or
parameters, or an unrepresentative set of observers.
In this second experiment, we set out to establish whether
observers are capable of accurate judgements of speed of mo-
tion-in-depth when conditions are made much more favourable.
To that end we made a number of changes to the experimental dis-
play. We increased the information about instantaneous distance.
Also, since we increased the eye height above the wooden surface,
changing vertical gaze angle became a potential cue to approach.
Lastly, we introduced one cue that may be unique to our experi-
ment, the perspective information provided by edges of the plank
onto which the laser spot was projected. The visual system could
potentially use the retinal width of the adjacent edges of the plank
in the image at the eye to scale the image speed. Such a scaling
would bypass the need to use distance information. The inﬂuence
of surrounding frames on perception of speed is well established
(Brown’s ‘Transposition effect’; Brown, 1927; Wallach, 1939).
This experiment served the purpose of demonstrating that
observers have the capability to make accurate judgements of ap-
proach speed. It was not the intention of the experiment to identify
1924 S.K. Rushton, P.A. Duke / Vision Research 49 (2009) 1919–1928which sources of information are responsible for the accurate
judgements obtained and so we will not speculate.Table 3
Weber fractions for approach speed discrimination calculated from the same-distance
conditions of Experiment 3.
Speed (m/s) Mean Range
0.6 0.23 0.13–0.30
0.75 0.16 0.10–0.30
0.9 0.16 0.12–0.22
Distance (m) Mean Range
1.6 0.16 0.14–0.21
2.4 0.21 0.15–0.275. Experiment 3
The ﬁrst two experiments established that observers do have
the ability to make fairly accurate judgements of approach speed
(Experiment 2), but that they do not make accurate judgements
in typical psychophysical sparse dot displays (Experiment 1). We
now attempted to determine whether observers can make accurate
estimates of approach speed in displays designed to reproduce the
visual information that is typically available when an observer is
viewing an approaching object in ﬂight, such as prior to catching
a ball.
For this experiment we switched from using a laser spot to a
CRT display so that we could provide natural looming cues. The
CRT was used in conjunction with stereo shutter glasses so that
we could provide appropriate disparity cues. We enhanced the per-
ception of a ball ﬂoating in space by using a red ﬁlter before the
screen to maximise the contrast and minimise the visibility of
the screen surface. We chose to use a faceted sphere as the
approaching object; this gave a particularly good perception of
3D shape. The sphere was of a size that was intermediate between
a tennis ball and a table tennis ball.
We placed clearly visible reference objects around the ball (see
Fig. 1) to provide relative disparity cues. In a natural catching task
it would not be normal to have objects such as these so conve-
niently placed. However, as noted above, we wished to maximise
the chance of observers making accurate judgements (a result that
would be counter to our motivating hypothesis) and so all our
decisions about the stimuli were driven by this concern.
One discrepancy between the trajectories observed in the natu-
ral world and those in our experiment was the lack of an inﬂuence
of gravity on the approaching balls. Again, we chose to remove
gravity so as to increase the likelihood of correctly estimating ap-
proach speed: when an object is subject to gravity its distance
changes not just as a function of its horizontal approach, but also
because of a change in height. In principle, this makes the compu-
tation of speed considerably more difﬁcult (see Section 6).
In common with all other experiments which have used CRT,
LCD, plasma, oscilloscope, front or back projection, or head-
mounted displays, we were unable to provide veridical blur cues.
Previous work has shown that accommodation/blur can provide
a cue to depth (see Watt, Akeley, Ernst, & Banks, 2005). However,
using that work as a guide, we can assume that given the distance
parameters used in this experiment, an incongruent blur cue
should not be a signiﬁcant factor here. Further, work on perception
of motion-in-depth (Regan & Beverley, 1979) and time-to-contact
(Rushton & Wann, 1999) suggests that the visual system combines
cues to approach based upon ‘‘usefulness” (for example, the contri-
bution of looming is low when the approaching object is small),
and that the combination process is robust, with missing or incon-
gruent cues leading to no more than a very small bias.
Our display produced a strong impression of an object moving
in depth, and observers’ informal estimates of object distances
were approximately correct. The same displays have been used
elsewhere to assess trajectory perception (Rushton & Duke, 2007).
5.1. Methods
5.1.1. Apparatus and stimuli
A computer running Windows XP was used to generate and
present simulated balls on a luminance-calibrated ﬂat screen CRT
display (22” Viewsonic p225f) placed at 1.75 m from the observer.
Stereoscopic viewing was achieved using LCD shutter glasses toview temporally interleaved left and right eye images at 50 Hz
per eye. The ball stimuli were wire-frame spheres (15 longitudinal
by 15 latitudinal segments) of 2 cm radius (varied up to ±20% to
discourage observers from using maximum looming rate as an
incidental cue). The wire-frame rendering produced a strong
impression of 3D ball shape. At the start of each trial the ball
was presented statically for 0.5 s in order to allow observers time
to fuse it before it began moving. Six rectangular reference surfaces
were included to provide relative disparity cues to distance. A ref-
erence rectangle of 5  6 cm was rendered in each corner of the
display (12.5 cm laterally and 8 cm vertically from the centre of
the screen) at a distance of 2 m from the observer. Additionally,
reference surfaces of 6  4 cm were rendered at the distance of
the screen (1.75 m), 8 cm above and below the centre. A schematic
representation of the apparatus and the display for Experiment 1 is
shown in the upper half of Fig. 1. Display anti-aliasing and a high
frame-rate produced the appearance of very smooth motion-in-
depth. Displays were rendered in red since this phosphor had the
fastest decay and so minimised image cross-talk with shutter
glasses. The display contrast was maximised and the ability to per-
ceive the ﬂat screen surface was minimised by placing a red ﬁlter
before the monitor. The experiment was run in a blacked out room
and observers were instructed to pause the experiment and switch
on room lighting until light-adapted if room objects became
visible.
5.1.2. Results and discussion
The group mean and the range of the Weber fractions for the
same-distance conditions are shown in Table 3. The mean Weber
fraction for each of the ﬁve observers was 0.15 (YM), 0.16 (JA),
0.16 (PJ), 0.20 (AC) and 0.24 (VN). These values indicate discrimina-
tion performance similar to that found in Experiment 2.
Errors in speed matching were examined for the different-dis-
tance conditions. These data showed qualitatively similar patterns
between observers. Accordingly, we show the group mean data
here. ANOVA revealed no signiﬁcant differences between the far-
reference and near-reference data (F (1, 4) = 7.057, n.s.), and no sig-
niﬁcant effect of reference distance in interaction with speed (F
(2, 3) = 7.336, n.s.) so we averaged the data across distance. The er-
ror (bias) of the near ball speed as a percentage of the far ball
speed, when the two are perceived as travelling at the same speed
is shown in Fig. 2c.
The mean (collapsed over speed and reference distance) per-
centage difference for each of the ﬁve observers was 13.8 (YM),
24.1 (JA), 5.3 (PJ), 20.8 (AC) and 20.0 (VN).
These errors were negative, indicating that near balls must tra-
vel slower than far balls in order that both are perceived as travel-
ling at the same speed. The results of a group one-sample t-test for
the mean data averaged over speed conditions, showed the errors
were signiﬁcantly different to zero (t (4) = 5.044, p = 0.007).
An increase in error with increasing speed was apparent; mean
judgement errors for reference trajectories of 0.6, 0.75 and 0.9 m/s
were 10%, 19% and 20%, respectively.
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ceive 3D speed of motion in depth veridically. Near balls were sys-
tematically perceived as travelling faster than far balls. However,
the magnitude of the error was substantially less than would be
expected if observers performed the task by simply matching ret-
inal cues such as subtense, horizontal disparity, rate of change of
disparity or looming rate (see dashed lines in Fig. 2). It can be seen
from inspection of Fig. 2 (equal TTC indicated by dotted line) that
the TTC matching hypothesis does not account for the results.
The results are compatible with observers estimating approach
speed with an inaccurate estimate of distance.6. General discussion
In the ﬁrst experiment we used a display that was typical of the
standard sparse dot display used in traditional psychophysics. As
others have found when studying the perception of lateral speed
and depth, estimates under these circumstances were grossly inac-
curate. In the second experiment we used a cue-laden display. Re-
sults from this experiment showed that observers can make fairly
accurate estimates of approach speed when the visual conditions
allow. In the third experiment we examined the accuracy of judge-
ments of approach speed in a display that replicated, as faithfully
as possible, the information available to an observer viewing an
approaching object in ﬂight in the natural world. Our experiment
was designed to test accuracy in the most favourable of conditions.
To emphasise this point we again highlight three features of our
displays: the presence of conveniently located reference objects
for computation of relative disparity; the lack of inﬂuence of grav-
ity on the trajectories which removed the potential confound of a
change in distance; and starting distance close to and centred
around 2 m – the distance at which distance perception remains
accurate when distance cues are limited (e.g. Gogel & Tietz,
1973). Despite this, observers were unable to make accurate judge-
ments of relative approach speed.
We now place our ﬁndings in the context of ﬁndings in related
areas of research.
6.1. Relation to research on perception of depth
The problem of comparing speeds at different distances is geo-
metrically equivalent to comparing extents in depth at different
distances. In both situations, accurate comparisons require accurate
distance perception in the general case. When an observer has to
judge the 3D length of an object oriented along the line of sight,
she must take distance into account to transform the binocular dis-
parity between the front and back of the object into a representa-
tion of the physical extent. It has been shown that observers can
make such judgements accurately and therefore are able to factor
out distance. Accurate judgements are possible when conditions
promoting accurate distance perception are favourable, such as in
a well-lit, visually rich, cluttered environment at distances of just
a few metres (Durgin et al., 1995; Frisby et al., 1996). However,
observers do not always make accurate judgements involving ex-
tents in depth. The accuracy varies with the availability of distance
information. In a sparse visual environment, judgements are less
accurate (e.g. Glennerster, Rogers, & Bradshaw, 1996; Johnston,
1991; Tittle et al., 1995; Todd & Norman, 2003; see also Howard
& Rogers, 2002, p. 463). However, natural scenes do not guarantee
accurate estimation of distance. For example, at distances beyond
a few metres, where vergence is relatively unreliable, the distance
to objects is typically underestimated (e.g. Wagner, l985; Loomis,
Da Silva, Fujita, & Fukusima, 1992).
While in the general case, comparing speeds or extents at differ-
ent distances requires accurate distance perception, there arecircumstances in which such comparisons can be accurate without
accurate (or indeed any) distance perception. By comparing the
retinal speed of an object in relation to the retinal size of an adja-
cent feature, it is possible to judge whether the speeds of objects at
different distances are the same, provided that the features are of
the same physical size (or a known physical size-ratio). We men-
tioned this as a possible explanation of the results of Experiment
2, in which the laser spot moved along a horizontal surface of con-
stant physical width. In relation to depth perception, Glennerster
et al. (1996) reported a case of veridical matching of a pair of inter-
vals in depth at two different distances that may be explained in
the same way. While depth constancy for a single extent in their
experiment was imperfect (about 75%), depth constancy when
matching intervals at two different distances was unusually good
– about 100%. This veridical performance would be possible if dis-
parities were scaled by the retinal size of the displays.
6.2. Relation to research on perception of lateral speed
As already noted, the problem of judging the relative approach
speed of two objects at different distances is similar to judging the
relative lateral speeds of two objects at different distances. When
objects are simple dots and there are no cues to depth but dispar-
ity/vergence, observers cannot make accurate estimates (McKee &
Welch, 1989), however, when there is plentiful information about
object distance, estimates are considerably more accurate (e.g. Ep-
stein, 1978; Rock et al., 1968). Again, it appears accuracy is a func-
tion of the availability of distance information. (Howard & Rogers,
2002, pp. 465–467).
6.3. Relation to previous research on perception of approach speed
As noted in the introduction, nearly all the previous work on ap-
proach speed has been concerned with precision, not accuracy.
Therefore it is difﬁcult to draw any comparisons. The one compar-
ison we can make is to note that the performance levels we ob-
served (precision) were comparable to that obtained in previous
work. We also note that the work showing that perceived speed
varies as a function of trajectory angle (Brenner et al., 1996; Brooks
& Stone, 2006b; Harris & Dean, 2003; Lages, 2006) also points to
the same conclusion: that observers are unlikely to have access
to an accurate estimate of approach speed under circumstances
typical of catching a ball.
6.4. Relation to Brenner et al. (1996)
Brenner et al. (1996) reported a very interesting study in which
they examined the relative contribution of vergence, relative dis-
parity and looming cues to the perception of speed of motion-in-
depth, and change in distance. This study principally investigated
rules of cue-combination for approaching objects using cue-con-
ﬂict stimuli, but they also included two cue-consistent conditions
which bear some similarity to the present experiments. In one con-
dition, a stereoscopic, computer-simulated object approached from
a distance of 81.6 cm to the display screen at 60 cm and in another
it moved from 60 to 38.4 cm. In each case the observer matched
the speed of motion in depth to a sequentially viewed laterally
moving probe. We can consider this data in relation to the issue
that is central to this paper; the question of whether distance is
‘‘factored out” when judging approach speed. Brenner et al. found
that the nearer object was perceived as moving slightly faster than
the farther one (though the difference was not statistically signiﬁ-
cant), suggesting that their rich stimuli allowed the visual system
to factor out distance effectively. This is in line with our ﬁndings
as it is comparable to the relatively accurate performance found
in Experiment 2, in which we presented object motion through a
1926 S.K. Rushton, P.A. Duke / Vision Research 49 (2009) 1919–1928rich visual scene. However, it would not be valid to interpret Bren-
ner et al.’s ﬁnding as evidence in support of accurate perception of
motion in depth for approaching objects in typical circumstances,
for a number of reasons: First, their display was not the same in
the two distance conditions (the reference objects changed dis-
tance between the two conditions) and this may have inﬂuenced
the results; second, their display had 12 reference objects close
to and around the target, this is likely to provide especially strong
relative disparity and relative size cues and is not typical of any
natural scene, nor is it comparable to any of the stimuli we used.
The most deﬁnitive statement we can make in relating Brenner
et al.’s study to our own is that although their study was rather dif-
ferent to our own in a number of important ways, where there is
some potential overlap, their study does not report data that is in
conﬂict with the conclusions of this paper.
6.5. Relation to research on perception of approach direction
An approaching ball has both a speed and a direction of travel
(trajectory). There have been many reports that observers do not
perceive trajectory angle veridically (Peper et al., 1994; Harris &
Dean, 2003; Welchman et al., 2004). Harris and colleagues recently
made the radical suggestion that an observer’s percept of the tra-
jectory of an approaching object is based solely upon the change
in visual direction of the object, not the ratio of lateral to approach
speed (Harris & Drga, 2005). In this context, the ﬁnding that
observers cannot judge approach speed accurately does not appear
quite so surprising.
Rushton and Duke (2007) recently concluded that observers
cannot make accurate judgements of trajectory direction, using
displays very similar to those used in Experiment 1. This ﬁnding
ﬁts well with the conclusion reached here: both inaccurate speed
and trajectory perception are expected given the likely lack of
information about object distance in these displays.
6.6. Relation of results of Experiment 3 to real world trajectories
As has been emphasised (see Section 2.2 – choice of distances
and speeds), all decisions regarding stimulus parameters were
made to favour the possibility of an outcome that went against
our expectations. Had we collected data that was contrary to our
expectations, then we would have investigated other parts of the
stimulus space. However, the data we collected was in-line with
our expectations, despite our choice of parameters. Therefore there
was no apparent purpose to exploring parameter space further.
It may be useful to review again our choice of experimental
parameters. We chose distances that were close to the abathic dis-
tance so as to minimise errors in distance perception. Had we cho-
sen other distances this would have been expected to increase the
inaccuracy of speed matching. Given the choice of distances, the
choice of speed was somewhat constrained. If we presented balls
travelling at high speed then we would only have been able to
show them for a short period of time which may have impacted
on performance, therefore we used slower speeds than would be
typical for approaching balls. We used 60, 75 and 90 cm/s. This is
a lot higher than the speeds used in many other studies, for exam-
ple Brenner et al. (1996) used 20 cm/s, and the studies by Harris
and colleagues on judgement of trajectory angle used 1 cm/s which
is typical of point-light computer displays. However, it is slower
than a normal ball. Of course, due to similar triangles it is possible
to compare the visual information available at different distances
and speeds (provided that distance and speed, and if appropriate
size, are scaled by the same factor). Our primary concern when
evaluating our choice of parameters is how close in time the ball
was when the judgement was made. In our experiments the
time-to-contact range was between 1 and 4 s (the latter beingwhen the slowest ball was at the beginning of its trajectory when
it started at the far distance) which covers the period of time dur-
ing which an observer is likely to be preparing for or starting an
interceptive or avoidance movement. If we turn to the data we
can see that there is no evidence that the accuracy increases with
speed; over the range we considered the accuracy decreases.
Therefore as intended it is likely that our choice of speeds underes-
timated the inaccuracy.
We did not include the inﬂuence of gravity (as discussed several
times earlier in the paper). As explained we chose not to include
gravity because the change in height of the ball would sum with
the change in distance in depth of the ball and thus estimation of
approach speed would become a more complex computational
problem. The choice not to include gravity is not a problem from
an ecological perspective. Consider a few scenarios: an object on
a pendulum line (e.g. Savelsbergh, Whiting, & Bootsma, 1991;
Peper et al., 1994) does not decrease in height in the same way
as an untethered object, and can of course increase in height as it
approaches; a badminton shuttlecock does not fall with a constant
acceleration of 9.8 m/s/s because it is slowed by air-resistance; a
ball rolling down a slope (Tresilian, 1994) may or may not change
its vertical gaze direction dependent on the viewpoint of the obser-
ver. Again, in line with our approach the decision not to include
gravity should have made the task simpler, in principle at least,
and increased the chance of collecting data that was incompatible
with our motivating hypothesis.
In summary, in all the decisions we made about stimulus
parameters, our choices should have increased the likelihood of
obtaining accurate judgements. Given that we did not obtain accu-
rate judgements despite the favourable stimulus parameters these
choices do not undermine our ﬁndings but rather they strengthen
them.
6.7. Relation of ﬁndings to real world situations
Based upon the results of Experiment 2, it appears that a foot-
ball (‘‘soccer”) player might well be able to make use of informa-
tion about object speed when the ball is rolling over the ground.
However, based upon the results of Experiment 3, it appears that
the same player attempting to intercept a ball that is in ﬂight
would not have access to accurate information about approach
speed.
Almost everyone, not just sports players, can successfully catch
a ball thrown towards them. One way to reconcile the apparent
contradiction between observers’ ability to catch a ball and their
inability to accurately judge approach speed is to appeal to the
contemporary two-visual system hypothesis (Milner & Goodale,
1996) and suggest that the former relies on an accurate action-
based dorsal visual system, while we have probed an inaccurate
perception-based ventral system. However, to do so would be
premature.
As noted in the introduction, there are many solutions that the
brain could use when attempting to anticipate the future position
of an approaching ball (see Rushton, 2004). The most obvious is in-
deed based upon speed. If the ball is currently at a distance, D and
travelling at a speed V directly towards the observer, then after t
seconds the ball will be at a distance, D  tV. However, there are
alternative ways to estimate future distance that use information
about time-to-contact, rather than speed. If the ball has a time-
to-contact, s the distance of the ball after t seconds has passed will
be D(1  t/s). Another way to use s is to anticipate the time at
which the ball will be at a given distance, d; this time is s(1  d/
D) .
Although the solutions based on s bypass the need to use an
estimate of speed, they do not bypass the need to use an estimate
of the instantaneous distance of the ball, D. If a mis-perception of
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then this would also impact solutions above that involve s .
One potentially useful source of information not available in the
experiments run here is known physical size. A football, baseball or
cricket player is familiar with the size of the ball and therefore
could use known size to derive an estimate of instantaneous dis-
tance from the retinal image size. Known size has been shown to
play a role in perception of trajectory direction (Peper et al.,
1994), and if it does play an important role in estimation of future
distance then it should be possible to demonstrate this in catching
studies. A recent study identiﬁed a possible role for known size in
perception of time to contact (López-Moliner et al., 2007).
7. Summary
Our ﬁndings on the accuracy of perception of approach speed ﬁt
well with previous work on perception of depth and lateral speed:
accuracy is dependent upon the availability of cues to distance.
Although observers can accurately estimate approach speed
(Experiment 2), they cannot do so when they have the visual infor-
mation typical of a ball in ﬂight (Experiment 3).
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Appendix A
A.1. Expected performance based on the use of time-to-contact
Poor performance at the relative speed judgement task would
result if observers failed to perceive physical speeds, and instead
based their judgements on the time to contact (TTC) of each trajec-
tory. TTC is given by
TTC ¼ dv ðA1Þ
where d is instantaneous distance and v is trajectory speed. When
the TTC of test and reference trajectories are equal, the speed of
the test trajectory is given by
v test ¼ dtestdtarget v target ðA2Þ
Using (A2), we calculated the speed of test trajectories at a distance
dtest which produces the same TTC as reference trajectories with
speed v target at a distance dtarget . Eq. (A2) can be rearranged to give
the speed ratio of the near trajectory to the far trajectory.
vnear
v far
¼ dnear
dfar
ðA3Þ
We can use (A3) to obtain expected speed ratios under the hypoth-
eses that observers match TTC at either the start or the end of the
trajectories. When using the start points, the speed ratio is simply
the ratio of near and far distances; 1.6/2.4 = 0.667 (an error of
33.3% with respect to the far trajectory speed). When using the
end points, the ratio is the same, because after travelling for the
same period of time, the near and far trajectory end distances must
remain in the same proportion in order that both have the same
TTC. Therefore, TTC matching predictions are the same whether
TTC is matched at the start or end points of the trajectories. Theexpected speed ratios based on TTC matching are shown as dotted
lines in Fig. 2.
A.2. Expected performance based on the use of retinal cues
Another possible explanation of poor performance may be that
observers base their judgements on retinal quantities, such as ret-
inal subtense or disparity, or their temporal derivatives. The fol-
lowing describes horizontal disparity matching, though subtense
matching makes identical predictions; because our approaching
objects travelled along the midline, subtenses are simply half the
value of horizontal disparities.
The horizontal disparity, h, between the trajectory starting dis-
tance, d, and a point along that trajectory reached by the object
moving at speed v after a unit time is approximated by
h ¼ Iv
d2
ðA4Þ
where I is the interocular distance. When a reference and test tra-
jectory have equal disparities, the speed of the test is given by
v test ¼ dtestdtarget
 2
v target ðA5Þ
Using (A5), we calculated the speed of a test trajectory at a distance
dtest which produce the same disparity as reference trajectory with
speed v target at a distance dtarget . Eq. (A5) can be rearranged to give
the speed ratio of the near trajectory to the far trajectory.
vnear
v far
¼ dnear
dfar
 2
ðA6Þ
We calculated expected speed ratios under the hypotheses that
observers match retinal information at the start of the trajectories,
or at the ends of the trajectories. When matching at the start of
the trajectories, the speed ratio is given by (1.6/2.4)2 = 0.444 (an er-
ror of55.6% with respect to the far trajectory speed). These predic-
tions are shown by the lower dashed lines in Fig. 2. When matching
disparities at the end of the trajectories, the near speed to far speed
ratio increases with increasing speed of the far trajectory. This is be-
cause faster trajectories have closer end points, and increasingly clo-
ser trajectories must travel increasingly faster in order to produce
the same retinal speed as a farther trajectory. We used a numerical
method to obtain the speed ratios expected when matching retinal
information using trajectory end points, because to work out the ex-
pected test speed, we need to know the distance to the test trajec-
tory end point, which itself depends on test trajectory speed.
Predicted errors are slightly greater in the near-reference conditions
compared with the far-reference conditions (4.7% greater on aver-
age) because these near trajectories have nearer end points than
the near trajectories in the far-reference condition. We show the
average of the two predictions as the upper dashed lines in Fig. 2.
Plotting the mean prediction makes sense because it is consistent
with our presenting the mean of the ‘near’ and ‘far’ reference ob-
served data, and because the difference between the two predictions
is small (and well within the SE bars of the observed data).
References
Brenner, E., van den Berg, A. V., & van Damme, W. J. (1996). Perceived motion in
depth. Vision Research, 36(5), 699–706.
Brooks, K. (2001). Stereomotion speed perception is contrast dependent. Perception,
30, 725–731.
Brooks, K. R. (2002a). Interocular velocity difference contributes to stereomotion
speed perception. Journal of Vision, 2, 218–231.
Brooks, K. R. (2002b). Monocular motion adaptation affects the perceived trajectory
of stereomotion. Journal of Experimental Psychology: Human Perception and
Performance, 28, 1470–1482.
Brooks, K., & Mather, G. (2000). Perceived speed of motion in depth is reduced in the
periphery. Vision Research, 40, 3507–3516.
1928 S.K. Rushton, P.A. Duke / Vision Research 49 (2009) 1919–1928Brooks, K. R., & Stone, L. S. (2004). Stereomotion speed perception: Contributions
from both changing disparity and interocular velocity difference over a range of
relative disparities. Journal of Vision, 4, 1061–1079.
Brooks, K. R., & Stone, L. S. (2006a). Spatial scale of stereomotion speed processing.
Journal of Vision, 6, 1257–1266.
Brooks, K. R., & Stone, L. S. (2006b). Stereomotion suppression and the perception of
speed: accuracy and precision as a function of 3D trajectory. Journal of Vision, 6,
1214–1223.
Brown, J. F. (1927). Über gesehene Geschwindigkeiten. Psychologische Forschung, 10,
84–101.
Cutting, J. E., & Vishton, P. M. (1995). Perceiving layout and knowing distances: the
integration, relative potency, and contextual use of different information about
depth. In W. Epstein & S. Rogers (Eds.), Perception of space and motion ((2nd ed.),
pp. 69–117). San Diego: Academic.
Durgin, F. H., Profﬁtt, D. R., Olson, T. J., & Reinke, K. S. (1995). Comparing depth from
motion with depth from binocular disparity. Journal of Experimental Psychology:
Human Perception & Performance, 21, 679–699.
Epstein, W. (1978). Two factors in the perception of velocity at a distance. Perception
& Psychophysics, 24, 105–114.
Frisby, J. P., Buckley, D., & Duke, P. A. (1996). Evidence for good recovery of lengths
of real objects seen with natural stereo viewing. Perception, 25, 129–154.
Glennerster, A., Rogers, B. J., & Bradshaw, M. F. (1996). Stereoscopic depth constancy
depends on the subject’s task. Vision Research, 36, 3441–3456.
Gogel, W. C., & Tietz, J. D. (1973). Absolute motion parallax and the speciﬁc distance
tendency. Perception & Psychophysics, 13, 284–292.
Gray, R., & Regan, D. (1998). Motion in depth: Adequate and inadequate simulation.
Perception and Psychophysics, 61, 236–245.
Harris, J. M., & Dean, P. J. A. (2003). Accuracy and precision of binocular 3-D motion
perception. Journal of Experimental Psychology: Human Perception & Performance,
29, 869–881.
Harris, J. M., & Drga, V. F. (2005). Using visual direction in three-dimensional motion
perception. Nature Neuroscience, 8, 229–233.
Harris, J. M., & Watamaniuk, S. N. (1995). Speed discrimination of motion-in-depth
using binocular cues. Vision Research, 35, 885–896.
Harris, J. M., & Watamaniuk, S. N. (1996). Poor speed discrimination suggests that
there is no specialized speed mechanism for cyclopean motion. Vision Research,
36, 2149–2157.
Howard, I. P., & Rogers, B. J. (2002). Seeing in depth. Volume II. Depth Perception.
Thornhill: I. Porteous.
Johnston, E. B. (1991). Systematic distortions of shape from stereopsis. Vision
Research, 31, 1351–1360.
Lages, M. (2006). Bayesian models of binocular 3-D motion perception. Journal of
Vision, 6, 508–522.
Lee, D. N. (1976). A theory of visual control of braking based on information about
time-to-collision. Perception, 5, 437–459.
Loomis, J. M., Da Silva, J. A., Fujita, N., & Fukusima, S. S. (1992). Visual space
perception and visually directed action. Journal of Experimental Psychology:
Human Perception and Performance, 18, 906–921.
López-Moliner, J., Field, D. T., & Wann, J. P. (2007). Interceptive timing: Prior
knowledge matters. Journal of Vision, 7, 1–8.
McKee, S. P., & Welch, L. (1989). Is there a constancy for velocity? Vision Research,
29(5), 553–561.
Milner, A. D., & Goodale, M. A. (1996). The visual brain in action. Oxford: Oxford
University Press.
Nefs, H. T., & Harris, J. M. (2007). Vergence effects on the perception of motion in
depth. Experimental Brain Research, 183(3), 313–322.Owens, D. A., & Leibowitz, H. W. (1976). Oculomotor adjustments in darkness and
the speciﬁc distance tendency. Perception and Psychophysics., 20, 2–9.
Peper, L., Bootsma, R. J., Mestre, D. R., & Bakker, F. C. (1994). Catching balls: how to
get the hand to the right place at the right time. Journal of Experimental
Psychology: Human Perception & Performance, 20, 591–612.
Portfors-Yeomans, C. V., & Regan, D. (1996). Cyclopean discrimination thresholds
for the direction and speed of motion in depth. Vision Research, 36, 3265–3279.
Portfors-Yeomans, C. V., & Regan, D. (1997). Discrimination of the direction and
speed of motion in depth of a monocularly visible target from binocular
information alone. Journal of Experimental Psychology: Human Perception and
Performance, 23, 227–243.
Regan, D. (1995). Spatial orientation in aviation: Visual contributions. Journal of
Vestibular Research, 5, 455–471.
Regan, D., & Beverley, I. (1979). Binocular and monocular stimuli for motion in
depth: Changing-disparity and changing-size feed the same motion-in-depth
stage. Vision Research, 19, 1331–1342.
Regan, D., & Kaushal, S. (1994). Monocular discrimination of the direction of motion
in depth. Vision Research, 34, 163–177.
Regan, D., Gray, R., Portfors, C. V., Hamstra, S. J., Vincent, A., Hong, X. H., et al. (1998).
Catching, hitting and collision avoidance. In L. Harris & M. Jenkin (Eds.), Vision
and Action. New York: Cambridge University Press.
Rock, I., Hill, A. L., & Fineman, M. (1968). Speed constancy as a function of size
constancy. Perception & Psychophysics, 4(1), 37–40.
Rushton, S. K. (2004). Projectile interception, from where & when to where once. In
H. Hecht & G. J. P. Savelsbergh (Eds.), Theories of time-to contact (pp. 327–354).
Elsevier.
Rushton, S. K., & Duke, P. A. (2007). The use of direction and distance information in
the perception of approach trajectory. Vision Research, 47(7), 899–912.
Rushton, S. K., & Wann, J. P. (1999). Weighted combination of size and disparity:
A computational model for timing a ball catch. Nature Neuroscience, 2,
186–190.
Savelsbergh, G. P., Whiting, H. T. A., & Bootsma, R. J. (1991). Grasping tau. Journal of
Experimental Psychology: Human Perception & Performance, 17(2), 315–322.
Snowden, R. J. (1992). Orientation bandwidths: The effect of spatial and temporal
frequency. Vision Research, 32, 1965–1974.
Snowden, R. J. (1998). Shifts in perceived position following adaptation to visual
motion. Current Biology, 8, 1343–1345.
Tittle, J. S., Todd, J. T., Perotti, V. J., & Norman, J. F. (1995). Systematic distortion of
perceived three-dimensional structure from motion and binocular stereopsis.
Journal of Experimental Psychology: Human Perception & Performance, 21,
663–678.
Todd, J. T., & Norman, J. F. (2003). The visual perception of 3-D shape from multiple
cues: Are observers capable of perceiving metric structure? Perception &
Psychophysics, 6531–6547.
Tresilian, J. R. (1994). Approximate information sources and perceptual variables in
interceptive timing. Journal of Experimental Psychology: Human Perception &
Performance, 20, 154–173.
Tyler, C. W. (1971). Stereoscopic depth movement: Two eyes less sensitive than
one. Science, 174, 958–961. New York.
Wagner, M. (l985). The metric of visual space. Perception & Psychophysics, 38,
483–495.
Watt, S. J., Akeley, K., Ernst, M. O., & Banks, M. S. (2005). Focus cues affect perceived
depth. Journal of Vision, 5, 834–862.
Wallach, H. (1939). On constancy of visual speed. Psychological Review, 46, 541–552.
Welchman, A. E., Tuck, V. L., & Harris, J. M. (2004). Human observers are biased in
judging the angular approach of a projectile. Vision Research, 44, 2027–2042.
